Ubiquitin is an essential signaling protein that controls many different cellular processes. While cellular ubiquitin levels normally cycle between pools of free and conjugated ubiquitin, the balance of these ubiquitin pools can be shifted by exposure to a variety of cellular stresses. Altered ubiquitin pools are also observed in several neurological disorders, suggesting that imbalances in ubiquitin homeostasis may contribute to neuronal dysfunction. To examine the effects of increased ubiquitin levels on the mammalian nervous system, we generated transgenic mice that express ubiquitin under the control of the Thy1.2 promoter. While we did not detect global changes in levels of ubiquitin conjugates in the hippocampus, we found that increasing ubiquitin levels reduced AMPA (GRIA1-4) receptor expression without affecting the levels of NMDA (GRIN) or GABA A receptors. Ubiquitin over-expression also negatively impacted hippocampus-dependent learning and memory as well as baseline excitability and synaptic plasticity at hippocampal CA3-CA1 synapses. These changes occurred in a dose-dependent manner in that mice with the highest levels of ubiquitin over-expression had the greatest deficits in synaptic function and were the most impaired in the learning and memory tasks. As chronic elevation of ubiquitin expression in neurons is sufficient to cause changes in synaptic function and cognition, altered ubiquitin homeostasis may be an important contributor to the stress-induced changes observed in neurological disorders.
Ubiquitin plays a critical role in regulating many cellular pathways by controlling protein abundance (Glickman and Ciechanover 2002; Hanna and Finley 2007; Finley 2009; Schmidt and Finley 2014) . Impaired protein degradation is linked to several neurological disorders (Bennett et al. 2007; Oddo 2008; Paul 2008; Shadrina et al. 2010) , emphasizing the importance of the ubiquitin-proteasome system (UPS) in regulating protein homeostasis. While protein aggregation has been proposed as an important contributor to disease, these aggregates tend to be heavily ubiquitinated and may therefore disrupt a variety of ubiquitin-dependent processes by depleting the free ubiquitin pool. Indeed, disruption of ubiquitin homeostasis is observed in animal models of spinal muscular atrophy (Wishart et al. 2014; Groen and Gillingwater 2015) , Huntington's disease (Bennett et al. 2007; Paul 2008) , and motor endplate diseases (Saigoh et al. 1999; Chen et al. 2009; Genc et al. 2016) , indicating that alterations in the level of free ubiquitin may directly impact the targeting and degradation of neuronal proteins. Although the genetic reduction in ubiquitin has been shown to cause neurodegeneration of the hypothalamus (Ryu et al. 2008) , the effect of ubiquitin over-expression on the central nervous system remains unknown.
Ubiquitin is generated from four genes, Rps27a, Uba52, Ubb, and Ubc. While Rps27a and Uba52 encode ubiquitin that is fused to a ribosomal subunit, Ubb and Ubc produce head-to-tail fusions of ubiquitin monomers. De novo ubiquitin is liberated from these fusions by the action of deubiquitinating enzymes (DUBs) such as USP5 and Otulin (Falquet et al. 1995; Grou et al. 2015) . DUBs can also control free ubiquitin levels by limiting the entry of ubiquitin into either the proteasome or lysosome (Clague and Urbe 2006; Singhal et al. 2008; Finley 2009; Reyes-Turcu et al. 2009; Shabek and Ciechanover 2010; Piper et al. 2014) . Both ubiquitin C-terminal hydrolase L1 and USP14, which are thought to act upstream of proteasomal and lysosomal protein degradation, have been implicated in maintaining ubiquitin pools in neurons, and loss-of-function mutations in either of these DUBs cause abnormalities in synaptic structure and function (Chen et al. 2009 (Chen et al. , 2010 Genc et al. 2016) . The steady-state levels of ubiquitin within the cell therefore rely on the coordinated action of transcriptional induction of ubiquitin genes and the ubiquitin recycling activity of DUBs. Regulation of synaptic ubiquitin pools in neurons may have additional challenges as the site of ubiquitin synthesis can be a great distance away from synapses and may therefore be more sensitive to changes in ubiquitin turnover (Bizzi et al. 1991 , Chen et al. 2009 Chen et al. 2011b) .
Ubiquitin can be found either conjugated to proteins or as free monomers in the cell. While it is not clear if the pool of free ubiquitin monomers is at saturating levels in cells (Carlson et al. 1987; Haas and Bright 1987; Mimnaugh et al. 1997; Dantuma et al. 2006) , there is evidence that ubiquitin pools can become limiting under times of cell stress. For example, increased expression of Ubb and Ubc is observed following exposure to stressors such as heat, oxidative stress, infection, and ischemia, which may assist in the clearance of damaged and toxic proteins (Fornace et al. 1989b; Finch et al. 1992; Si et al. 2008; Yamauchi et al. 2008; Ryu and Ryu 2011; Radici et al. 2013; Calistri et al. 2014; Bianchi et al. 2015) . Over-expression of ubiquitin in yeast increases its tolerance to ethanol and osmotic stress, but reduces its sensitivity to certain amino acid analogues that increase the production of aberrant proteins (Chen and Piper 1995) . In flies, ubiquitin over-expression is toxic during development but increases life span when over-expressed in adults (Hoe et al. 2011) . These findings suggest that modulation of ubiquitin pools may play an important role in controlling ubiquitin-dependent signaling events, and the effect of increasing ubiquitin levels likely depends on the cell type and the nature of the stress involved.
The UPS enables neurons to make rapid changes in its proteome to allow for synaptic plasticity (Hegde and DiAntonio 2002; Bingol and Schuman 2005; Haas and Broadie 2008; Hegde 2010; Mabb and Ehlers 2010; Bingol and Sheng 2011) . Impeding protein turnover with proteasome inhibitors blocks long-term potentiation (LTP), a form of synaptic plasticity, in the hippocampus, suggesting that enhancement of synaptic activity requires protein degradation. However, when both protein synthesis and protein degradation were inhibited concurrently, normal levels of LTP were induced (Fonseca et al. 2006) . This finding demonstrates that the balance of protein synthesis and degradation determines how synapses are remodeled in response to stimulation. Multiple studies also demonstrate a requirement of balanced protein synthesis and degradation for long-term memory formation (Yeh et al. 2006; Artinian et al. 2008; Dong et al. 2008; Lee et al. 2008; Jarome et al. 2011; Rodriguez-Ortiz et al. 2011; Jarome and Helmstetter 2014) . Ubiquitin-dependent remodeling of the synaptic proteome is therefore an important process for both synaptic plasticity and information storage.
While a variety of cell stressors are known to induce ubiquitin expression Ozkaynak et al. 1987; Mao et al. 2007; Yamauchi et al. 2008; Shabek and Ciechanover 2010; Shang and Taylor 2011; Calistri et al. 2014) , and chronic stress can cause maladaptive changes associated with some cognitive disorders (Yuen et al. 2012) , the mechanisms underlying these changes are not known. In this study, we examined the effect of chronic ubiquitin overexpression in neurons on synaptic function, the expression of known substrates of the UPS, and rodent learning and memory. We show that ubiquitin over-expression reduces the levels of glutamate ionotropic receptor AMPA (GRIA) receptor expression and impairs hippocampus-dependent learning and memory, CA3-CA1 baseline excitability, and synaptic plasticity in a dose-dependent manner. These findings demonstrate the importance of regulating ubiquitin levels in neurons and suggest that stress-induced changes in the ubiquitin pool could be an important contributor to neurological disease.
Materials and methods

Mice
Transgenic ubiquitin animals were previously described (Chen et al. 2011) . Briefly, the last open reading frame of the human Ubb gene was inserted behind the Thy1.2 promoter, and the resulting DNA construct was injected into fertilized C57BL/6J eggs. All mice were maintained in our breeding colony at the University of Alabama at Birmingham, which is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International (A3255-01). Mice were housed with a 12 h light (0700 EDT)/12 h dark cycle (1900 EDT) in Thoren racks with forced air ventilation. Plastic cages were 19.56 9 30.91 9 13.31 cm and contained 2 cm of hard wood chip bedding (Northeastern Products, Warrensburg, NY, USA). Mice were given ad libitum access to food (LabDiet, St. Louis, MO, USA, Cat. # NIH-31). Offspring of identical sex were separated at 3 weeks and housed in cages at a maximum density of 5 mice/cage. Experiments followed the UAB IACUC Animal Care guidelines under IACUC animal protocol 20457. Mice were assigned numbers and ear punched for identification, and then genotyped using DNA obtained by tail clipping. All research complied with the United States Animal Welfare Act and other federal statutes and regulations relating to animals and experiments involving animals, and adhered to principles stated in the Guide for the Care and Use of Laboratory Animals, United States National Research Council. Equal numbers of 5-to 6-week-old male and female animals were used in these studies. These studies were not pre-registered.
Quantitative PCR Mice were deeply anesthetized via isoflurane prior to rapid decapitation and hippocampal dissection. Total RNA was isolated from the hippocampus using RNA-STAT60 (Tel-Test, Friendswood, TX, USA) and reverse transcribed using the Superscript VILO cDNA synthesis kit (Life Technologies, Carlsbad, CA, USA, Cat. # 11754050). Individual gene assays were purchased from Life Technologies for each of the RNAs analyzed. DDCt values were generated using
, and Cbl (Mm00483069_m1). Taqman gene assays with 18S ribosomal RNA (Mm03928990_g1) and bactin (Mm00607939_s1) served as internal standards. qPCR results are shown as the average of three different amplifications of cDNAs that were generated from at least three different mice. Independentsamples t-test was conducted on relative expression values from each genotype to determine their significance.
Isolation of proteins
Mice were deeply anesthetized via isoflurane prior to rapid decapitation. Tissues were removed and homogenized in a modified Radioimmunoprecipitation buffer containing 50 mM Tris, pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , 0.5 mM EGTA, 1 mM EDTA, 0.5% sodium dodecyl sulfate, 1% Triton X-100, and 1% sodium deoxycholate. Complete protease inhibitors (Roche, Indianapolis, IN, USA), phosphatase inhibitor cocktail I (Sigma Aldrich, St. Louis, MO, USA, Cat. # P2850), and 50 lM 2,6-Diamino-3,5-dithiocyanopyridine, Thiocyanic acid C,C 0 -(2,6-diamino-3,5-pyridinediyl) ester; 2,6-Diaminopyridine-3,5-bis(thiocyanate) (PR-619) (Life Sensors, Malvern, PA, USA, Cat. # SI9619) were added to the homogenization buffer. Samples were homogenized, sonicated, and centrifuged at 17 000 g for 10 min at 4°C. 
Isolation of ubiquitinated GRIA1
Hippocampal lysates were prepared in ristocetin-induced platelet agglutination buffer as described above. A quantity of 500 lg of lysate was diluted into TBST and 50 lL of pan-selective agarosebound ubiquitin-binding TUBES (Lifesensors cat#UM401) was added to the lysate and incubated at 4°C on a rotator for 2 h. Agarose beads were collected by centrifugation at 5000 g at 4°C and washed three times with TBST. Ubiquitinated proteins were eluted from the TUBES by the addition of 2X Laemmili buffer. Samples were heated to 100°C for 5 min and then separated on 4-12% Bis-Tris gels.
Quantitation of immunoblots
Blots were scanned using a Hewlett-Packard Scanjet 3970 (Palo Alto, CA, USA) and quantitated using ImageJ (NIH, Bethesda, MD, USA) or UN-SCAN-IT (Orem, UT, USA) software. Each value represents the mean and standard error from at least two blots using at least three different animals per genotype. Analyses were carried out using GraphPad Prism 6.0 software (GraphPad Software, La Jolla, CA, USA). Differences between genotypes were determined using a one-way ANOVA after assumptions for normality were verified with a D'Agostino and Pearson omnibus normality test with alpha set to 0.05. Post hoc comparisons were made with the independent-samples t-test with Bonferroni-corrected alpha.
Hippocampal immunostaining and imaging
Hippocampal sections were prepared as previously described . Briefly, brains were rapidly dissected and submerged overnight in 4% paraformaldehyde in PBS. Brains sections were mounted onto glass slides and blocked in 10% normal goat sera, 1% BSA, and 0.1% Triton X-100. Primary and secondary antibodies were diluted in PBS containing 2% normal goat antisera, 0.1% BSA, and 0.1% Triton X-100. Primary antibodies to ubiquitin (UAB Hybridoma Core, Birmingham, AL, RRID:AB_477599) were diluted 1 : 200 and secondary antibodies (ThermoFisher Scientific, RRID:AB_ 2534744) were diluted 1 : 500 in PBS containing 2% normal goat serum, 0.1% BSA, and 0.1% Triton X-100. Sections were washed three times with PBS containing 0.1% Triton X-100 and then stained with 4 0 ,6-diamidino-2-phenylindole, dihydrochloride. Images were acquired using an Olympus IX 70 inverted microscope equipped with epifluorescence optics.
Slice electrophysiology
For slice electrophysiology, we analyzed a minimum of 30 hippocampal slices per animal from at least five mice of each genotype. Experiments were performed between 8 am and 3 pm. Hippocampi were rapidly removed from mice and briefly chilled in ice-cold cutting saline (110 mM sucrose, 60 mM NaCl, 3 mM KCl, 1.25 mM NaH 2 PO 4 , 28 mM NaHCO 3 , 5 mM D-glucose, 500 lM CaCl 2 , 7 mM MgCl 2 , and 600 lM ascorbate). Transverse slices were cut to 400 lm and maintained for 45 min in a holding chamber containing a 50/50 solution of artificial cerebral spinal fluid (120 mM NaCl, 3.5 mM KCl, 2.5 mM CaCl 2 , 1.3 mM MgCl 2 , 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 and 10 mM glucose) and cutting saline. The slices were then transferred to a recording chamber and perfused (1 mL/min) with 100% artificial cerebral spinal fluid. Electrophysiology experiments were performed in an interface chamber (Fine Science Tools, Foster City, CA, USA). Oxygenated artificial cerebral spinal fluid was warmed to 30°C (TC-324B temperature controller, Warner Instruments, Hamden, CT, USA) and perfused into the recording chamber at a rate of 1 mL/min. Electrophysiological traces were amplified (Model 1800 amplifier, A-M Systems, Sequim, WA, USA), digitized (Digidata model 1322A), and stored and analyzed with Clampex software (Molecular Devices, Sunnyvale, CA, USA). Extracellular stimuli were administered (Model 2200 stimulus isolator, A-M Systems, Sequim, WA, USA) on the border of the hippocampal CA3 and CA1 region along the Schaffer collaterals using enameled, bipolar platinum-tungsten (92%:8%) electrodes. Field excitatory post-synaptic potential (fEPSPs) were recorded in stratum radiatum with an ACSF-filled glass recording electrode (1-3 MΩ). The relationship between fiber volley and fEPSP slopes over various stimulus intensities (0.5 V-15 V and 25 nA-1.5 lA) was used to assess baseline synaptic transmission. All subsequent experimental stimuli were set to an intensity that evoked a fEPSP with a half-maximal slope. Pairedpulse facilitation was measured at various inter-stimulus intervals (10, 20, 50, 100, 150, 200, 250 , and 300 ms). High-frequency stimulus-induced LTP was induced by administering two 100 Hz tetani (1 s duration) at an interval of 20 s. Synaptic efficacy was monitored 20 min prior to and 60 min following induction of LTP by recording fEPSPs every 20 s (traces were averaged for every 2 min interval). Electrophysiology experiments were conducted blind to genotype until preliminary analysis was completed.
Fear conditioning
Mice were handled for 5 min/day for 5 days prior to contextual and cued fear conditioning in the Department of Neurobiology Behavioral suite. Experiments were performed between 8 am and 3 pm. During training, each mouse was placed into a soundproof conditioning chamber (Med Associates Inc., St. Albans, VT, USA) and allowed to habituate to the novel context for 2 min. After 2 min, white noise (80 dB, 30 s) was paired with a foot shock (0.75 mA, 1 s) after a 2 s delay. This was repeated five times with a 1 min trial-to-trial interval. Cued and contextual fear conditioning was assessed after 24 h. For contextual testing, each mouse was reintroduced to the conditioning chamber, and freezing behavior was monitored for 5 min. For cued testing, each animal was placed in a novel chamber and allowed to habituate for 3 min prior to a 3 min period during which white noise was played continuously. Freezing behavior was scored by automated software (Video Freeze, Med Associates Inc.) and checked manually. We had no predetermined inclusion or exclusion criteria for the behavioral experiments. Sample size was set at five animals per group by using the resource equation method as it was not possible to assume the effect size (Festing 2006; Charan and Kantharia 2013) . The experimenter was not blinded to genotype during training or testing, but was unaware of the individual animal identification numbers while manually checking freezing behaviors. Two mice from the control group did not habituate to handling and were excluded from behavioral testing.
Statistics
Differences in protein and RNA expression between genotypes were determined using a one-way ANOVA after assumptions for normality were verified with a D'Agostino and Pearson omnibus normality test with alpha set to 0.05. Post hoc comparisons were made with independent-samples t-test with Bonferroni-corrected alpha. Data for the hippocampal recordings were compared using a repeatedmeasures two-way ANOVA with Holm-Sidak post-tests. Data acquired for behavioral responses were compared using one-way ANOVA with Holm-Sidak post-tests.
Results
Characterization of Thy1-Ubiquitin transgenic mice As ubiquitin is induced by a variety of cellular stresses that accompany neurodegenerative diseases (Finch et al. 1992; Nenoi 1992; Noga and Hayashi 1996; Noga et al. 1997; Ryu et al. 2007; Ryu and Ryu 2011; Bianchi et al. 2015) , we investigated the effects of ubiquitin over-expression in the central nervous system. We previously generated two lines of transgenic mice that over-express ubiquitin under the neuronal Thy1.2 promoter to restore ubiquitin levels in the peripheral nervous system of USP14-deficient mice (Chen et al. 2011) . These two lines differ in the level of ubiquitin over-expression and are differentiated as TgUb for the construct that expresses at the lower level and TgUb-H for the construct that has the higher level of ubiquitin overexpression (Fig. 1) . We chose to focus our attention on the effect of ubiquitin over-expression on the hippocampus because the ubiquitin transgenes are highly expressed in this region, and previous studies have demonstrated that the hippocampus is sensitive to alterations in the UPS (Fonseca et al. 2006; Dong et al. 2008; Walters et al. 2008 Walters et al. , 2014 , Karpova et al. 2006 ). In addition, there are numerous well-defined methodologies to examine hippocampal function. Immunoblot analysis of hippocampal extracts from 5-to 6-week-old wild-type controls and mice expressing the TgUb or TgUb-H transgenes indicated that while we were able to detect a significant increase in the level of unconjugated ubiquitin in our transgenic mice compared to controls, there was not a corresponding increase in the levels of poly-ubiquitinated proteins (Fig. 1a) . To determine when the ubiquitin transgene was expressed during development, we compared the level of ubiquitin in hippocampal extracts from TgUb-H and control mice at post-natal day (P) 7, 14, and 28. There was a significant increase in the level of unconjugated ubiquitin in the TgUb-H mice by P14 that was maintained through P28 (Fig. 1b) . However, no changes in the level of ubiquitin conjugates could be detected between the control and transgenic mice over this same time frame (Fig. 1b) . Immunostaining was then performed on hippocampal sections from P28 control and TgUb-H mice to determine which neuronal populations expressed the ubiquitin transgene. While ubiquitin staining was widespread and diffuse in the wild-type controls, intense ubiquitin staining was observed in the dentate gyrus and CA1 region of the hippocampus in the mice that contained the TgUb-H transgene (Fig. 1c) .
Effect of ubiquitin over-expression on components of the lysosome and proteasome systems To determine if ubiquitin over-expression had broad effects on the major ubiquitin-dependent proteolytic pathways, we examined the expression of components of the proteasome and lysosome in the hippocampus of 5-to 6-week-old control and TgUb-H mice. No significant changes in the mRNA levels of the proteasomal subunits Psmb1, Psmb2, Psmc3, Psmc6, or Psmd2 could be detected by qPCR analysis (Fig. 2a) . In addition, no significant changes were observed in the mRNA levels of the lysosomal enzymes CtsB, CtsD, CtsF, CtsH, and CtsL or the autophagy genes Atg7 and Atg12 (Fig. 2b) . In contrast, ubiquitin overexpression significantly decreased the expression of ubiquitin from the endogenous Ubb and Ubc ubiquitin genes in the TgUb-H mice compared to controls (Fig. 2a) . This analysis was possible because the ubiquitin transgene encodes a human cDNA for ubiquitin that is not amplified using mouse qPCR primers. Proteins are tagged with ubiquitin through the sequential activity of E1-activating, E2-conjugating, and E3-ligating enzymes (Glickman and Ciechanover 2002) . Previous studies have indicated these enzymes can be auto-ubiquitinated and that over-expression of ubiquitin in cell lines could reduce their expression (Amemiya et al. 2008; Crinelli et al. 2008; Dueber et al. 2011; Weissman et al. 2011) , prompting us to examine the levels of several E2-conjugating enzymes, E3 ligases, and DUBs in the hippocampus of 5-to 6-week-old TgUb-H and control mice. Although the levels of the five E2-conjugating enzymes and three DUBs examined were similar in the TgUb-H and control mice (Fig. 3a, b, f and g ), ubiquitin overexpression from the TgUb-H transgene decreased the expression of the E3 ligase UBE3A (Fig. 3c and d) , which is also known as the Angelman syndrome protein (Matsuura et al. 1997) . In contrast, the levels of the E3 ligase CBL were increased in the ubiquitin-over-expressing mice ( Fig. 3c and  d) . Although the Cbl mRNA levels were similar between TgUb-H and control mice (Fig. 3e) , the level of Ube3a mRNA was significantly increased in the hippocampus of TgUb-H mice compared with controls.
The endosomal sorting complex required for transport (ESCRT) is a second ubiquitin-dependent pathway that directs ubiquitinated proteins to the lysosome for degradation (Clague and Urbe 2006) . The first two complexes in the ESCRT pathway, ESCRT-0 and ESCRT-I, both contain ubiquitin-binding proteins that are thought to capture and direct internalized ubiquitinated proteins to the lysosome. Examination of the ESCRT-0 proteins hepatocyte growth factor-regulated tyrosine kinase substrate and STAM1, as well as the ESCRT-I proteins TSG101 and VPS28, did not reveal any significant changes in expression between the ubiquitin transgenic mice and controls ( Fig. 3h and i) .
Ubiquitin over-expression reduces GRIA receptor levels Ubiquitin-dependent proteolysis plays an essential role in synaptic plasticity by rapidly changing the composition of proteins that reside in the synapse (Bingol and Schuman 2005; Haas and Broadie 2008; Cajigas et al. 2010; Mabb and Ehlers 2010; Bingol and Sheng 2011) . To investigate if elevated levels of ubiquitin affect the expression of synaptic proteins in the central nervous system, we measured the levels of several proteins known to be substrates for the ubiquitin proteasome system (Lee et al. 2002; Huynh et al. 2003; Mitroi et al. 2016; Sheehan et al. 2016) . The levels of the pre-synaptic proteins SNAP25, SNCAIP, VAMP2, SYN1, SYTI, UNC13A, Bassoon, and SYP were similar in the hippocampus of 5-to 6-week-old control and TgUb-H mice ( Fig. 4a and b) . In addition, ubiquitin over-expression did not significantly alter the expression of the post-synaptic proteins PSD95, CASK2, SAP102, PSD93, and SHANK3 in the transgenic mice compared with controls ( Fig. 4c and d) .
Fast excitatory glutamatergic transmission at CA3-CA1 synapses occurs primarily through the GRIN and GRIA receptors, and both receptors are substrates for ubiquitination (Burbea et al. 2002; Colledge et al. 2003; Ehlers 2003; Kato et al. 2005; Lussier et al. 2011) . Immunoblotting of hippocampal extracts revealed that the increased neuronal ubiquitin levels caused a reduction in all four subunits of the GRIA receptors in the hippocampus of the transgenic ubiquitin mice compared with controls ( Fig. 4e and f) . This reduction in GRIA1-4 levels correlated with the level of ubiquitin over-expression in that the greatest reduction in GRIA1-4 levels was found in the hippocampus of the TgUb-H mice (Fig. 4e and f) . However, no significant changes were detected in the levels of Gria subunit mRNAs in TgUb-H mice compared with controls (Fig. 4g) . No changes were observed in the levels of the GRIN1, GRIN2B, or GABAa1 subunits in hippocampal extracts of the TgUb and TgUb-H mice compared with controls (Fig. 4e) .
To determine if over-expression of ubiquitin resulted in increased ubiquitination of GRIA receptors, we isolated purified total ubiquitinated proteins from our hippocampal lysates using TUBES, a ubiquitin affinity matrix (Hjerpe et al. 2009) . While examination of 6-week-old TgUb hippocampal lysates demonstrated an expected decrease in GRIA1 levels as compared with controls (Fig. 5h) , we observed increased levels of ubiquitinated GRIA1 in the hippocampus of TgUb mice (Fig. 5h and i) . This finding indicates that over-expression of ubiquitin leads to enhanced ubiquitination of GRIA receptors. Representative immunoblot of ubiquitin levels from hippocampal lysates of TgUb-H and wild-type mice at post-natal day (P) 7, 14, and 28. (c) Hippocampal expression patterns of ubiquitin (red) in 6-week-old TgUb-H and wild-type mice. DAPI staining is shown in blue. Images were taken at 209 magnification. n > 4 mice per genotype.
Dose-dependent effects of ubiquitin over-expression on hippocampal synaptic function Our findings indicate that changes in ubiquitin expression can have significant effects on the expression of the GRIA receptors in the hippocampus, but reduced protein abundance may not necessarily translate into a change in neuronal function. To determine if the reductions in the GRIA receptors affected neuronal communication, we prepared acute hippocampal slices from 4-to 6-week-old TgUb, TgUb-H, and control mice to examine synaptic transmission at the CA3-CA1 synapses (Fig. 5a ). Input/output curves of increasing stimulus intensity revealed decreased excitability in mice over-expressing ubiquitin as compared to controls, with mice expressing the highest levels of ubiquitin having the greatest reduction in excitability (Fig. 5b) . We further probed synaptic transmission by measuring the paired-pulse ratio at various inter-stimulus intervals. While there was no difference in paired-pulse ratio between control and TgUb mice at many inter-stimulus intervals, there was a small but significant decrease in paired-pulse ratio at 10, 20, and 100 ms intervals in the TgUb-H mice compared with controls (Fig. 5c) . This was somewhat surprising because paired-pulse ratio is thought to be a measure of pre-synaptic function, and our transgene is primarily expressed postsynaptically (Fig. 1c) . However, decreases in paired-pulse ratios are generally associated with increased release probability, so it is unlikely that pre-synaptic changes account for the reduced excitability observed in the TgUb and TgUb-H mice.
Because we observed reduced GRIA receptor expression and decreased excitability in our ubiquitin-over-expressing mice, we investigated whether LTP, which relies on the insertion of GRIA receptors into the membrane, might also be affected by the increased levels of ubiquitin in our transgenic mice. Following 20 min of recording baseline synaptic transmission, LTP was induced by two 100 Hz tetani at 20 s intervals. Tetanic stimulation led to a rapid increase in synaptic strength at wild-type CA3-CA1 synapses that lasted 60 min after synaptic potentiation (Fig. 5d) . Both the early and late phases of LTP were greatly reduced in mice expressing the ubiquitin transgenes. The decrease in LTP was proportional to the level of ubiquitin over-expression, with the TgUb-H mice showing the greatest reduction in LTP (Fig. 5e) .
Dose-dependent effects of ubiquitin over-expression on contextual and cued fear learning Our findings of reduced GRIA receptor expression and decreased synaptic plasticity in the hippocampus of ubiquitin over-expressing mice led us to examine if our transgenic ubiquitin mice have deficits in learning and memory. To assay hippocampal learning and memory, we measured the freezing response of 4-to 6-week-old mice following cued and contextual fear conditioning (Fig. 6b) . Briefly, mice were placed into a novel soundproof box and exposed to white noise, followed 2 s later by a foot shock (Fig. 6a) . Unlike paradigms in which the tone and shock are given simultaneously (delay conditioning), this paradigm (trace conditioning) engages the hippocampus. During the training period of this experiment, we examined the ability of mice to freeze in response to consecutive foot shocks (Fig. 6c) . The controls and the transgenic ubiquitin mice showed similar freezing responses toward repetitive foot shocks in a novel context, suggesting that ubiquitin over-expression did not alter pain perception, cause hyperactivity, or prevent the acquisition of a fear response. Mice were then placed back into the training chamber 24 h after training, and the freezing responses were measured to examine contextual memory. While the control mice froze more than 60% of the time, indicating a robust memory formation, there was a decremental drop in the time the mice spent freezing as the level of ubiquitin over- Representative qPCR analysis of (a) endogenous ubiquitin genes (Ubb and Ubc) and proteasomal subunits (Psmb1, Psmb2, Psmc3, Psmc6, and Psmd2) and (b) autophagy (Atg7 and Atg12) and lysosomal genes (CtsB, CtsD, CtsF, CtsH, and CtsL) in the hippocampus of 6-week-old TgUb-H mice compared with wild-type controls. Data were normalized to controls, n ≥ 3 mice per genotype. *p < 0.0001. expression increased in the transgenic mice. The freezing response in the mice with the highest level of ubiquitin overexpression was approximately half of what was observed in control mice (Fig. 6d) . When the mice were introduced to a novel chamber and once again exposed to white noise to test for memory of the cue, the performance on this task also showed a ubiquitin dose-dependent response, with the transgenic mice with the highest level of ubiquitin over-expression displaying the lowest freezing response (Fig. 6e) .
Discussion
Ubiquitin expression is tightly coupled to cellular stress, and the conjugated and free pools of ubiquitin are altered in several neurological disorders (Fornace et al. 1989a,b; Noga and Hayashi 1996; Noga et al. 1997; Yamauchi et al. 2008; Yuen et al. 2012) . In this report, we found that overexpression of ubiquitin in the hippocampus resulted in reduced expression of all four GRIA receptor subunits, decreased neuronal excitability and synaptic plasticity, and impaired learning and memory. These findings demonstrate that there is a critical need to tightly regulate neuronal ubiquitin pools and that alterations of these pools in the hippocampus can disrupt neuronal function.
Our findings demonstrate that increasing the ubiquitin pool in neurons can alter the expression of the E3 ubiquitin ligases UBE3A and CBL without affecting the expression of other ubiquitin modifying enzymes. UBE3A was previously Fig. 3 Effect of ubiquitin over-expression on components of the ubiquitin proteasome system (UPS). Representative immunoblots and quantitation of hippocampal extracts from 6-week-old control and TgUb-H mice probed for (a and b) E2-conjugating enzymes, (c and d) E3 ligases, (f and g) deubiquitinating enzymes, and (h and i) endosomal sorting complex required for transport . (e) Representative qPCR analysis of Ube3a and Cbl mRNA from the hippocampus of 6-week-old control and TgUb-H mice. Blots were probed with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or b-tubulin as loading controls. Data were normalized to wild-type controls, and n ≥ 3 mice per genotype. *p < 0.05, **p < 0.005.
shown to auto-ubiquitinate following ubiquitin over-expression in cultured cells, resulting in reduced levels of UBE3A (Crinelli et al. 2008) . In that study, it was suggested that auto-ubiquitination increased the turnover of UBE3A. We found that ubiquitin over-expression in vivo resulted in a similar decrease in UBE3A levels and showed that the reduction in UBE3A was not caused by decreased Ube3a mRNA levels. Interestingly, ubiquitin over-expression had the opposite effect on the levels of CBL, a ubiquitin ligase that acts upon multiple cell surface receptors (Mohapatra et al. 2013) . It is likely that a post-transcriptional mechanism is responsible for the increase in CBL levels as we did not detect any changes in Cbl mRNA levels. Further experiments will be required to determine if stress-induced increases in ubiquitin levels are sufficient to change the levels of these E3 ligases in neurons. Together, these findings suggest that altering ubiquitin pools may change the abundance of UPS substrates by indirectly affecting the levels of E3 ligases.
Work in C. elegans previously showed that over-expression of ubiquitin reduced glutamatergic synaptic transmission and led to reduced expression of the GluR1 glutamate receptor (GRIA homologue) (Burbea et al. 2002) . That study indicated that GluR1 is directly modified by ubiquitin and is removed from synapses in a ubiquitin-dependent manner. (b) Field excitatory post-synaptic potential (fEPSP) slopes plotted as a function of stimulus intensity for CA3-CA1 synapses from 6-week-old wild-type (n = 6 animals, 43 slices), TgUb (n = 5 animals, 35 slices), and TgUb-H (n = 7 animals, 41 slices) mice. Data were compared using a repeated-measures two-way ANOVA with Holm-Sidak post-tests. p < 0.05 for wt versus TgUb mice,^^p < 0.01 for wt versus TgUb mice, *p < 0.05 for wt versus TgUb-H mice, **p < 0.001 for wt versus TgUb-H mice, and # p < 0.05 for TgUb versus TgUb-H mice. (c) Pairedpulse ratio plotted as a function of the time interval between pulses in TgUb, TgUb-H, and control mice (n = as in B above). Data were compared using a repeated-measures two-way ANOVA with Holm-Sidak post-tests. *p < 0.05 for wt versus TgUb-H mice. (d) Long-term potentiation was induced using high-frequency stimulation in control (n = 6 animals, 41 slices), TgUb (n = 5 animals, 30 slices), and TgUb-H (n = 7 animals, 35 slices) mice (e) fEPSP slope normalized to baseline at 20, 40, and 60 min after high-frequency stimulation in control, TgUb, and TgUb-H mice (n = as in D above). At each time point, data were compared using repeated-measures one-way ANOVA with Holm-Sidak post-tests.^^p < 0.01 for wt versus TgUb mice, ***p < 0.001 for wt versus TgUb-H mice, and # p < 0.05 for TgUb versus TgUb-H mice. Fig. 4 Ubiquitin over-expression reduces the steady-state levels of glutamate ionotropic receptor AMPA (GRIA) receptors in the hippocampus. Representative immunoblots and quantitation of (a and b) pre-synaptic and (c and d) post-synaptic proteins known to be substrates for the ubiquitin proteasome system (UPS) and (e and f) GRIA, GRIN, and GABA receptors from 6-week-old control, TgUb and TgUb-H mice. Blots were probed with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or b-tubulin as loading controls. Data were normalized to wild-type controls, and n ≥ 3 mice per genotype. *p < 0.005, **p < 0.0002. (g) qPCR of Gria receptors from the hippocampus of 6-week-old TgUb-H mice relative to wild-type controls. (h) Representative immunoblots and (i) quantitation of ubiquitinated proteins from wt and TgUb mice isolated using TUBES. (h) The right panel shows a representative immunoblot of proteins isolated using TUBES and probed for GRIA1. In the left panel, 5% of the hippocampal lysates used for immunoprecipitation of ubiquitinated proteins were immunoblotted for GRIA1 or b-tubulin as a loading control. (i) The level of ubiquitinated GRIA1 was normalized to the levels of total GRIA1, and n = 3 mice per genotype. *p < 0.05.
Our findings indicate that ubiquitin over-expression is sufficient to down-regulate all four mammalian GRIA receptor subunits in the hippocampus. This is consistent with reports demonstrating that the GRIA1-4 receptors are ubiquitinated in an activity-dependent manner (Wheeler et al. 2002; Colledge et al. 2003; Schwarz et al. 2010; Lussier et al. 2011; Widagdo et al. 2015) . The ubiquitin tag is thought to act as a signal for endocytic sorting of the GRIA receptors to the late endosome and for degradation by the lysosome (Piper et al. 2014) . NEDD4-1 is one of the E3 ligases known to ubiquitinate the GRIA receptors, and overexpression of NEDD4-1 can reduce the surface levels of the GRIA receptors and target them to the lysosome for destruction (Schwarz et al. 2010; Lin et al. 2011) . The effect of ubiquitin over-expression appears to be selective for the GRIA receptors as we did not detect changes in other glutamate receptors known to be regulated by ubiquitination (Kato et al. 2005; Na et al. 2012) , suggesting that ubiquitin levels may be an important factor in regulating the activity of E3 ligases responsible for ubiquitination of the GRIA receptors. This idea is consistent with our finding that ubiquitin over-expression did not alter the levels of NEDD4-1 in our ubiquitin transgenic mice. These findings also indicate a critical need for tight regulatory control over ubiquitin pools at hippocampal synapses to ensure stable GRIA receptor expression. The effects of ubiquitin overexpression on neuronal function will likely be more complex than these studies indicate because ubiquitin over-expression rescues the synaptic transmission defects at the neuromuscular junction caused by a mutation in the proteasomal DUB USP14 (Chen et al. 2011) . Further studies will therefore be required to understand the impact of increased ubiquitin pools on synaptic function and determine how the transcriptional induction of ubiquitin is balanced with the activity of proteasomal DUBs to control ubiquitin homeostasis at synapses. In addition to the reduction in GRIA receptor expression, we also found that ubiquitin over-expression impaired baseline synaptic transmission in the hippocampus of our transgenic mice. This reduction in baseline synaptic transmission could be attributed to a reduced number of synapses, a decreased vesicular release probability, impaired glutamate receptor function, or decreased receptor expression. However, immunoblotting analysis of hippocampal extracts did not demonstrate any alterations in the levels of pre-or postsynaptic markers between the TgUb-H and control mice, suggesting that ubiquitin over-expression does not result in a major change in synapse number. Analysis of hippocampal paired-pulse ratios also revealed an increase in release probability as the levels of ubiquitin increased, indicating that the decrease in baseline transmission was not caused by reduced neurotransmitter release in the TgUb-H mice. Our data instead suggest that the reduction in GRIA receptor expression causes the reduction in synaptic transmission in the transgenic mice that over-express ubiquitin. This hypothesis is supported by multiple lines of evidence that have shown that a reduction in GRIA receptor expression results in decreased synaptic transmission (Zamanillo et al. 1999; Matsuda et al. 2000; Wang and Linden 2000) . As loss of GRIA receptors has also been shown to reduce LTP (Zamanillo et al. 1999) , it is likely that the reduced levels of GRIA receptors in the ubiquitin-over-expressing mice are responsible for this deficit in synaptic plasticity. The dosedependent effects of ubiquitin on GRIA receptor levels indicate that modulation of ubiquitin pools by changes in either the synthesis or degradation of ubiquitin could be an important modulator of synaptic strength.
In addition to targeting proteins for degradation, ubiquitin conjugation can also control non-degradative pathways. In this capacity, the type of ubiquitin linkage controls the ability of ubiquitin to activate protein kinases, influence membrane trafficking, and regulate transcriptional activation. Further studies will be required to determine if ubiquitin over-expression alters these non-degradative functions in the nervous system.
A variety of cellular stressors are known to induce the expression of ubiquitin in the central nervous system (Finch et al. 1992; Nenoi 1992; Noga and Hayashi 1996; Noga et al. 1997; Ryu et al. 2007; Ryu and Ryu 2011; Bianchi et al. 2015) . Our results indicate that changes in ubiquitin pools are sufficient to alter neuronal function and behavior. GRIA receptor hypofunction is linked to many chronic neurological disorders (Chang et al. 2006; Popoli et al. 2011; Yuen et al. 2012; Timmermans et al. 2013; Cheng et al. 2017 ), yet the mechanism driving these changes is not understood. As many of these disorders are associated with cell stressors that induce ubiquitin gene expression, our studies provide a possible explanation for how unrelated diseases can result in altered expression of GRIA receptors.
